Abstract. The new accelerator SIS100 and the Super-FRS will be built at the international Facility for Antiprotons and Ion Research FAIR. The synchrotron SIS100 is a core part of the FAIR facility which serves for acceleration of ions like Uranium up to 2.7 GeV/u with intensities of 3x10 11 particles per second or protons up to 30 GeV with intensities of 5x10 12 particles per second. The Super-FRS is a superconducting fragment separator, it will be able to separate all kinds of nuclear projectile fragments of primary heavy ion beams including Uranium with energies up to 1.5 GeV/u and intensities up to 3x10 11 particles per second. During operation activation of several components, especially the production target and the beam catchers will take place. For handling of highly activated components it is foreseen to have a hot cell with connected storage place. All calculations for the optimisation of the shielding design of the SIS100, the Super-FRS and the hot cell were performed using the Monte Carlo code FLUKA, results are presented.
Introduction
FAIR [1, 2] , Facility for Antiproton and Ion Research, will be a new international accelerator facility for the research with antiprotons and ions. It will be based upon an expansion of the GSI Helmholtz Centre for Heavy Ion Research which is situated in Darmstadt, Germany. The existing accelerator facility at GSI after some appropriate modifications will be used as a preaccelerator for the FAIR facility. Extracted from the preaccelerator, high-intensity ion beams will be injected into the SIS100 and accelerated to the energy demanded by the experiments. Fig. 1 shows an overview of the FAIR facility with the SIS100 accelerator, the Super-FRS as well as the storage rings CR (Collector Ring), HESR (High Energy Storage Ring) and other experimental areas of different collaborations.
In this paper the radiation protection aspects of the SIS100 and the Super-FRS are discussed. They are the crucial parts of the facility in terms of radiation production.
Prompt dose rate calculations
The main role of radiation protection consists in avoiding unwanted exposure of man and environment to ionising radiation. The German radiation protection ordinance has defined dose limits which affect the design of the planned accelerator facilities. The effective dose rate must not exceed 1 mSv per year for all areas and accelerator installations, which are within the premises and are freely accessible for workers and visitors. Since a working year is counted in this respect as 2000 working hours, the dose rate limit is 0.5 μSv/h. Thus for the shielding design the dose rate outside the shield must not be larger than this limit.
All calculations of the prompt dose rates for the SIS100 and Super-FRS were done with the Monte Carlo code FLUKA [3, 4] . It is able to perform simulations of interactions with matter and propagations in matter for about 60 different particles. The transport of heavy ions was added in 2004 employing the RQMD and DPMJET models [5, 6] . FLUKA has the capability of scoring fluences, energy depositions, activities, physical doses, etc. Dose rates were calculated with the help of fluenceto-dose conversion factors of [7, 8] linked to the code.
In the calculations the electro-magnetic cascade was switched off because photon and electron contributions to the integral dose value play a minor role in the concept of the shielding design here.
The use of biasing techniques was essential to obtain results with reasonable statistical significance. To apply Russian roulette and splitting at boundaries of certain volumes the shielding was divided into many layers of 50-cm thickness in case of concrete.
SIS100
The SIS100 with circumference of 1083.60 m is five times longer than the injector SIS18 and can reach a magnetic rigidity of Bρ = 100 Tm. It is located in the underground Tunnel 110 (shown on Fig.2) . The SIS100 accelerates high energy and high intensity proton and ion beams by the synchrotron principle, in which charged particles are accelerated in high-frequency cavities and bend on a circular path with a constant radius by magnetic fields. The extracted primary particles from the SIS100 are protons and heavy ions up to uranium from which secondary particle beams of antiprotons and rare isotopes can be generated. These ions are applied for experiments in the fields of atomic, nuclear and plasma physics, and also for biophysics and materials research [1, 2] . The key parameters for the primary beams are summarised in Table 1 Such parameters can be achieved be applying new challenging features for the SIS100 synchrotron:
x operation at a very low base pressure of 10 -12 mbar, x careful control of beam losses, x superconducting synchrotron magnet operation at a high ramp rate of 4 T/s, x bunch compression of high intensity proton and uranium ion beams.
Tunnel T110, in which the SIS 100 is located, has many levels, three of them are underground (U10, U20 and U30), the other two (E10 and E20) are above. The level U30 basically consists of a ring-shaped beamline tunnel with the SIS 100 and a supply tunnel, separated by a total of 9.7 m wide shielding package as it is shown in Fig. 3 and Fig. 4 . The space in the support tunnel is mostly designated for the electrical cabinets, which will provide the electrical support of the accelerator. The upper levels of the support tunnel house the extensive ventilation systems as well as supply rooms for cooling agents (water and liquid helium). Dedicated tracks connect the supply area with the accelerator. It is also planned to have three decay rooms in the support tunnel for the internal storage of not anymore needed or defective accelerator components. After sufficient decay time the activated components can be transported to the building for radioactive waste (Building 21). Building 21 is situated on the FAIR site and is used for the storage of the activated components and radioactive waste which will be produced during the facility operation. For the calculation of the prompt dose rates the worst scenario with a 2.7 GeV/u uranium beam and local beam losses of 1x10 10 ions per second (3% of the total beam intensity) are assumed. The result of the calculation is shown on Fig. 4 . The dose rates above the soil layer on the public ground are below 50 nSv/h. During synchrotron operation the dose rates in the supply tunnel and rooms above are less than 0.5 μSv/h. The access to the areas is allowed during beam operation. The calculations for 1x10 11 protons per second with the energy of 30 GeV were also done. The resulting dose rates are close to the case of uranium losses. The assumed proton losses are approximately 2 % of the total beam intensity, this should be very conservative for this part of On the outer side of the beamline tunnel three cryoniches are planned. The niches will provide the connection of the synchrotron via cryo-lines with the cryo-stations, which are situated on level U20. On Fig. 5 (A-top view) the cross section of the U20 level with the maze and additional access labyrinth for the cryo-lines are shown. Due to technical requirements of the cryosystem the cryo-lines should go straight to the cryoniches via breakthroughs in the additional access labyrinth. A location of 1 meter thick iron plate above the beamline tunnel and a 0.5 meter paraffin wall at the end of the labyrinth (as presented on Fig. 5 B) helps to reduce the dose rates above the building down to below 50 nSv/h.
Super-FRS
The Superconducting magnetic FRagment Separator Super-FRS represents a major component of the planned FAIR [10] . The Super-FRS is an in-flight facility similar to the existing FRS at GSI [11] and serves for the production of rare isotopes at relativistic energies via fragmentation or fission in flight. The Super-FRS uses the Bρ-∆E-Bρ method, where a two-fold magnetic rigidity analysis is applied in front of and behind a shaped energy degrader. Compared to the existing separator the Super-FRS has more separation stages and twice larger magnet apertures made possible by use of superconducting coils. The SIS100 synchrotron will provide all kinds of heavy ion beams up to 238 U with maximum intensities of 3x10 11 /s and beam energy up to 1.5 GeV/u for the Super-FRS. As it is shown in Fig. 6 the accelerated beam hits the production target after the focusing system. The created fragments leave the production target in forward direction, and then the isotope of interest can be selected depending on the setting of the separator.
For cleaner separation the Super-FRS applies the Bρ-∆E-Bρ method twice in the pre-and in the mainseparator, both equipped with a degrader in the beam. After separation the rare-isotopes can be directed to one of the three experimental areas:
• The High-Energy Branch (HEB) where reactions of high-energy heavy nuclei will be investigated, •
The Low-Energy Branch (LEB) where properties of nuclei such as decay modes and energy levels can be explored using gamma and decay spectroscopy as well as trapped ions,
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•
The Ring Branch (RB) where exotic nuclei are collected, cooled and stored in the Collector Ring CR. In the CR masses and life-times of unknown nuclei will be measured [2]. The production of rare isotopes in the target by fragmentation of heavy nuclei is accompanied by creation of neutrons of similar high velocities as that of projectile [12, 13] . In Fig. 7 the pre-target focusing system of the ion-beam coming from the SIS 100 is shown, followed by the Super-FRS production target. The total beam losses can amount to 1x10 8 238 U/s in the quadrupoles before the target in addition to the unavoidable beam losses in the target (3x10 11 238 U/s). The beam energy is 1.5 GeV/u. The dose rates around the quadrupole triplet just in front of the production target are still high due to the strong neutron backscattering from the production target. For the access to the tunnel an entrance maze is foreseen. It is designed in such a way, that dose rates outside of the shielding and close to the maze in the stairwell, during Super-FRS operation are below 0.5 μSv/h. Fig. 7 . Horizontal cross section of the calculated prompt dose rate distribution in the area upstream of the Super-FRS production target. The focusing system is situated in Tunnel 104, the production target is located inside Building 18.
In the target and beam catchers area the shielding concept foresees a close compact shielding of the beamline to reduce the overall volume required due to the vicinity of other beamlines of the FAIR complex. To achieve a compact shielding, a multi-layer shield of steel followed by concrete is used. In the inner steel layer the high-energy neutrons are attenuated by elastic scattering and inelastic interaction (spallation reactions). In the outer regions of this steel layer the dose rate is dominated by contributions of low-energy neutrons and in the concrete region low-energy neutrons are absorbed due to the elastic scattering effect of hydrogen contained in the concrete. In Fig. 8 the distribution of dose rates towards the vertical direction in the plane intersecting the beam catchers is shown. The beam catchers are foreseen to absorb the primary beam at positions where its diameter is larger than at the target. In total six of these beam catchers are planned [12] . They are located in the first half of the Super-FRS pre-separator always following one of the 11° dipole magnets as it is shown in Fig. 6 . Depending on the experiment each beam catcher can absorb up to 85% of the non-interacted primary beam. In Fig. 8 the beam line is surrounded by the steel core and followed by the concrete shielding. The dose rates outside the shielding are less than 0.5 μSv/h. The drives, connections and supplies for the target, beam catchers and many other components are done from above through the iron shielding. Therefore, on top of the iron shielding a service tunnel is provided for faster access. Otherwise the whole area is covered with a mobile ceiling consisting of 5 layers of concrete bars that can be taken off by the hall crane of the building. As all primary beam and also the majority of the created fragments will be stopped in the target and beam catchers area the following part of the separator can be in an open tunnel with concrete shielding or a combination of concrete with soil as shown in Fig. 9 for the main separator. For the calculations of the dose rates in the main separator a 114 Pd beam as a typical fragment of the primary uranium beam was taken.
114
Pd will have energies up to 1.3 GeV/u and intensities up to 5.5x10 10 ions/s. The ions interact with two energy degraders and two slits. After a degrader ions have an energy lowered by a different amount depending on their atomic number and after the following separator stage the unwanted elements can be stopped in the thick tungsten slits. The second stage of the pre-separator and main separator is located in Tunnel 103.
In Fig. 9 all beam losses are marked. The number of ions hitting a degrader, due to their function, is higher 10 ions/s and in the back slits 5x10 9 ions/s are deposited. As the ions are not lost in the aluminium degraders plates but only converted to some fraction or produce secondaries in the material in the FLUKA simulation they were modelled as plates of maximal useful thickness in a beam. The shielding in the Tunnel 103 is a composition of concrete walls with a thickness of 0.5 m and 2.5 m of compacted soil in between, followed by at least 7 m of soil outside the building. Along the main tunnel with the separator there is the supply tunnel with control racks for the cryoand vacuum support, data acquisition, quench detection and protection electronics, etc. The supply tunnel is subdivided from the main tunnel by a concrete wall with 0,5 m thickness. 
Hot cell
The operation of the Super-FRS is inevitably associated with significant radioactive activation of components and targets where the primary beam interacts directly with materials. Activated components which have to be exchanged or maintained after an irradiation period cannot be handled by personnel directly. Therefore, it is obligatory to have a hot cell for handling these components using remote handling methods.
The use of the hot cell is planned as follows: The component (e.g. the production target) will be moved from the beam line into a shielding flask, which -on its part -will be moved to the roof position of the hot cell. The component within the flask will be lowered to the handling position in the hot cell, where it can be repaired or cut, separated and packed in barrels and moved over to a shielded storage position for radioactive decay (see Fig.  10 ). Maintenance work of the components will be carried out by means of remote manipulators. The hot cell with the storage place will be situated close to the Super-FRS target area as indicated in Fig. 6 . The shielding layout of the hot cell was developed on the basis of activation calculations for components of the Super-FRS. The calculated radionuclide distributions within the components were used as radiation sources for estimating the shielding of the transport flask, the hot cell and the storage places in the neighbouring cell. The shielding design was done by using the FLUKA code in two steps. In the first step a simulation of production of the radioactive nuclides with build-up and decay for a certain irradiation pattern and different cooling times were performed. The simulations of the radioactive decay and the transport of the produced radiation were done in the second step with a new shielding geometry. The largest and the most activated parts that have to be handled with the shielding flask are the beam catchers [12, 13] . Fig.11 shows as an example of the plug with the beam catcher. Beryllium and graphite beam absorbers are used to stop the heavy-ion beam or to convert it to lighter fragments and to absorb most of the beam energy. The beryllium absorber is for the slow beam extraction and graphite absorber is for the fast beam extraction. The beam absorbers are coupled to a copper heat sink and mounted to an iron shielding plug with a size of 60 cm x 80 cm x 174 cm with drives, vacuum seals and feedthroughs on top. The total weight that has to be handled by the overhead crane is 7.5 t.
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3003 After a long production period at maximum uranium beam intensity the activation reaches up to 3x10 13 Bq [12, 13] . To obtain a realistic scenario for the estimation of the required wall thickness of the shielding flask, in a first step the beam catcher and plug were irradiated including the shielding environment of the Super-FRS. All information on the produced radionuclides is written to external files via a FLUKA user-routine (usrrnc.f). In the second step the beam catcher and plug are moved in the shielding flask and the information on radionuclides is read in from the file created in the first step via another user-routine (source.f). This method provides an accurate distribution of the nuclides in the device. The result is presented in Fig. 12 . As realistic scenario, 3 days after four periods of 90 days of irradiation with an intensity of 3x10 11 /s with a cooling time of 120 days between the blocks are assumed. In the example case only the graphite part was irradiated. The dose rates outside the shielding flask are below 10 μSv/h. During the transport of the activated components in the flask to the hot cell the target hall is specified as a controlled area. The two step method was also applied for the optimization of the wall thickness in the hot cell. The activated beam catcher with the plug was situated in the center of the hot cell. In this case to achieve the dose rate outside the shielding below 0.5 μSv/h at the concrete wall with a thickness of 1 meter is required.
For the design of the storage place also the activated beam catchers were taken in the calculations. It is foreseen to have 20 places for the 200-l barrels with two levels (10 barrels on each level). In Fig. 13 four activated beam catchers after cooling times of 1 week, 1 month, 0.5 year and 1 year are situated in the storage holes with a concrete wall and iron cover. It is seen from Fig. 13 that the shielding wall thicknesses are sufficient to lower the dose rates outside the storage place to an appropriate level. The holes are situated in the storage room with the concrete wall thickness of 1 m. Thus the dose rates outside the storage room will be below 0.5 μSv/h. 
Conclusions
This paper presents the radiation protection studies for the SIS 100 and Super-FRS including the hot cell. Monte Carlo calculations were used for approving the shielding thickness and estimation of the propagation of neutrons through the mazes, shafts, cable ducts in the accessible areas. The calculations show that the shielding design for the SIS100 and Super-FRS is adequate from a radiation protection standpoint. The design value, to keep dose rates below 0.5 μSv/h outside of the shielding and in all supervised areas nearby, is achieved. A set of FLUKA calculations for the hot cell, the storage place and the flask was also performed to assess the residual dose rates inside and outside the shielding. In this case the calculations were done with a two steps method. In the first step the activation of some components and targets after several periods of Super-FRS operation and for different decay times was estimated. In the second step the residual dose rates for the hot cell, the storage place and the shielding flask from the most activated components, beam catchers, were calculated. As the result a suitable shielding design was developed on the basis of the FLUKA calculations.
